Introduction 37
The wheat spike and its architecture are key components for improving grain yield. In 38 the recent past, several genes controlling spike morphology have been investigated 39 and described in temperate cereals (Gauley and Boden 2019; Koppolu and 40 Schnurbusch 2019). From a plant breeder's viewpoint, most spike morphological value was used to visualize clustering among varieties via bar plots (Frichot and 137 François 2015). 138 Linkage disequilibrium (LD), the non-random association of alleles at different 139 loci, was measured as the squared correlation ( 2 ) among markers. The genetic 140 mapping positions of the markers for both arrays were adopted from the data 141 generated for the International Triticeae Mapping Initiative (ITMI) DH population, as 142 described in Sorrells et al. (2011) . Although inter and intra-chromosomal LD among 143 the loci varies, genome-wide calculation of LD gives a global estimate about the 144 genetic map distance over which LD decays in the given population. The genome-145 wide (global) LD was calculated only from the mapped markers. where, is the × 1 vector of phenotypic record of each genotype in each 154 environment, is the common intercept, , , , , and are the vectors of the 155 environment, marker, population (principal components), polygenic background, and 156 the error effects, respectively; , , , and are the corresponding design matrices. 157 In the model, , , , and were assumed fixed while and as random with 158 ~(0, 2 ) and ~(0, 2 ). The × variance-covariance additive relationship 159 matrix ( ) was calculated from × matrix = ( ) of marker genotypes (being 0, 160 1 or 2) as =
where, and are the profiles of the ℎ 161 marker for the ℎ and ℎ variety, respectively; is the estimated frequency of one 162 allele in ℎ marker, as described by VanRaden (2008) . 163 As population stratification and familial relatedness can severely impact the 164 power to detect true marker-trait association (MTA) in GWAS, different statistical 165 models were used to avoid spurious MTA viz., (1) 
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The protein alignment was used to infer a maximum likelihood (ML) phylogeny. The showed wide variation ( Fig. 1a-d ; Table S1 ). The ANOVA showed that genotypic ( 2 ) 231 and environmental ( 2 ) variation was significantly ( < 0.001) larger than zero 232 (Table 1 ). The broad-sense heritability ranged from 0.68 to 0.89 which indicates the 233 good quality of the phenotypic data and its potential for use in genome-wide 234 7 association (GWAS) studies to map the quantitative trait loci (QTL) underlying the 235 traits (Table 1) . We analyzed the Pearson product moment correlation ( ) among the 236 BLUEs of investigated traits, which revealed that TSN was positively and significantly 237 correlated with SL, FT, and GY (Fig. 1e ). The TSN and SL showed the highest 238 correlation among the analyzed traits ( = 0.46; < 0.001) whereas SL showed 239 almost a null correlation with FT and GY suggesting that FT augments GY mainly by 240 influencing TSN in wheat.
241
High-density marker arrays reveal the absence of distinct sub-populations and sharp 242 LD decay 243 The whole wheat panel was extensively genotyped with high-density SNP arrays and 244 functional markers for the genes Ppd-D1, Rht-B1, Rht-D1, Vrn-A1, Vrn-B1, and Vrn-245 D1, which resulted in 39,908 high-quality markers. The population structure analyzed 246 with marker genotypes by PC analysis resulted in the absence of distinct sub-247 populations with the first two PCs representing only 11.3% of the variation (Fig. 2 ).
248
The high familial relatedness and non-existence of distinct sub-populations were 249 further supported by plotting a heat map of the genomic relationships among the 250 wheat varieties ( Fig. S1 ) and by the structure-like inference algorithm LEA, which 251 resulted in the sub-populations being distinguished but with a slight entropy shift. The 252 bar plots indicated admixed and weak sub-populations ( Fig. S2 ).
253
Linkage disequilibrium (LD) between the marker genotypes determines the 254 number of markers needed to perform GWAS. Genome-wide LD was performed with 255 the mapped marker genotypes which resulted in rapid LD decay with increasing the 256 genetic map (cM) distances, with first and third quantile dropping to 0.002 and 0.028, 257 respectively; and the mean and median values equaling 0.051 and 0.008, 258 respectively ( Fig. 3a) . The sub-genome-wise distribution of the markers varied, with 259 the highest markers mapping on B-genome, followed by A-and D-genomes ( Fig. 3b ).
260
Although the whole panel was genotyped with state-of-the-art genotyping arrays, the 261 sub-genome-wise distribution of marker genotypes suggests that marker density 262 could be improved especially for D-genome.
263

GWAS identifies large-effect QTL for TSN on chromosome 7A in wheat varieties 264
Among the different GWAS models used in our study, we observed that the PC[1-3]+G 265 model could best control the spurious MTA. Our GWAS analyses identified QTL on 266 chromosomes 2D, 7A, and 7B for TSN ( Fig. 4a-b ; Table S1a ), for SL on chromosome 267 5A ( Fig. S3 , Table S1b ), and for FT on chromosome 2D ( Fig. S4 ; Table S1c ). The
268
QTL on chromosome 2D identified for TSN and FT was very likely the gene Ppd-D1.
269
Of particular interest is the photoperiod insensitive allele Ppd-D1a that significantly 270 reduced the TSN (Fig. 4a, f (Table S1a ). We narrowed down the genetic region with the highly significant MTA 286 with −log 10 ( − value) > 10 within 2.3 cM starting from 111.3 to 113.6 cM ( Fig. 4c ).
287
The alignment of marker sequences present within this most significant genetic TaAPO-A1 is a 1,457 bp long gene, and like APO1 in rice, it has two exons 299 separated by one intron (Fig. 4e ). We investigated the variation of TaAPO-A1 in ten 300 wheat varieties; the sequences were taken from The 10+ Wheat Genome Project, 301 which revealed two haplotypes ( Fig. 4e; Fig. S6 ). were evenly distributed in the variety panel ( Figure 2b ) and were highly significantly 309 associated with TSN ( Fig. 4f ; Table S2a ). The second round of GWAS was 23.21% of the genotypic variance ( Fig. S5 ; Table S2 ). The reference allele in the average TSN of 20.13 (Fig. 4f , Table S1a ). The analysis of local linkage 318 disequilibrium performed with the markers present in the 7A-QTL genetic region and 319 the KASP marker for TaAPO-A1 showed that TaAPO-A1 was in tight linkage with 320 other markers (Fig. 5 ). Furthermore, we also observed a rather weak but significant 321 association of the TaAPO-A1 KASP marker alleles with SL, FT, and GY ( Fig. 4g-i) . 
370
In addition to significant genetic variation, TSN showed a positive and 371 significant correlation with SL, FT, and GY (Fig. 1e ). This showed that albeit being reasonably high heritability value suggests that TSN is strongly genetically inherited 378 and that mapping of the underlying quantitative trait loci (QTL) would be efficient.
379
High marker density governs the efficacy of genetic and physical mapping 380 The efficiency of GWAS depends on the size of the population and genetic diversity.
381
Genome-wide marker density with many polymorphic sites is therefore vital and 382 coupled with a sharp decline in linkage disequilibrium (LD) between marker loci; it 383 increases GWAS resolution. In our study, the size of the population, high-density 
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To identify the candidate genes, high marker density in a given QTL genetic 392 region is necessary since it helps to narrow-down to the physical region harboring the 393 gene underlying the trait. Moreover, since GWAS hinges on the principle that 394 markers work as proxies to the genes/QTL underlying the traits, a high density of 395 markers in the QTL genetic region becomes vital for the success of fine mapping. In 396 this study, we exploited this premise to identify a candidate gene physically.
397
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Physical mapping shows that TaAPO-A1 is a likely candidate gene for TSN in wheat 398 Our GWAS analysis revealed a significant QTL for total spikelet number on 399 chromosome 7A, which explained ~25% of the total genotypic variance. Also, with an increase in spike length (P = 3.4e-04) and yield (P = 9.0e-04) (Figure 4) 
